Abstract-We present a new coax-fed interstitial antenna for generating directional heating patterns during microwave ablation. The antenna comprises a base-fed monopole wherein, a portion of the outer conductor is extended to create a reflector that directs the fields toward the opposing direction. To further direct the fields away from the reflector, we etched a semicylindrical slot in the outer conductor. The electric field produced by the slot constructively interferes with the field generated by the monopole in the desired radiation direction, while destructively interfering with the monopole's field behind the reflector. This creates directional specific absorption rate and heating patterns. In addition, the reflector and slot suppress the unwanted currents along the antennas feeding cable. This eliminates the need for a balun and reduces the overall antenna diameter. The antenna is impedance matched using an internal π-matching network. A prototype of this antenna, designed to operate at 7 GHz in egg white, was fabricated and used to perform ablation experiments at a power level of 20 W for 5 min. Experimental results agree well with simulations and confirm the capability of the antenna for generating directional heating patterns.
I. INTRODUCTION

M
ICROWAVE ablation (MWA), a promising technology for cancer treatment, makes use of an interstitial antenna, which delivers microwave power to a tumor [1] , [2] . The deposited power heats the tumor to cytotoxic temperatures, causing instantaneous cell death. Till date, the vast majority of MWA antennas are axisymmetric in nature and as a result, produce axisymmetric ablation zones in homogenous tissue [3] - [12] . However, there are ablation scenarios where an axisymmetric ablation zone may not be ideal [13] . For example, a vital organ that should not be ablated may be in proximity to the targeted ablation zone and the center region of the tumor may not be easily accessible. Clinical examples of these scenarios include hepatic tumors close to the bowel or diaphragm, tumors on the periphery of lungs, renal tumors in the vicinity of the bowel, or breast tumors close to the chest wall [13] . In situations like these, having an antenna that can be placed on the periphery of the tumor generating directional ablation zones may be useful. Few studies have proposed solutions for successful ablation of tumors that are in the vicinity of vital organs. In [14] , placing adequate fluid buffers between the ablation zone and the bowel was used to reduce bowel injuries. Although this method was successful in most of the studied cases, its efficacy can be low due to possible heat sink effect caused by the instilled fluid in the vicinity of the tumor [14] . In light of this problem, a new design was proposed in [13] for generating directional heating patterns. In this design, the antenna was placed inside an external copper tube. An asymmetric reflector was devised in the external tube and water (a highpermittivity material) was circulated through the external tube to better match the antenna to the feeding coaxial cable. Good impedance matching and directional ablation zone are achieved in this design at the cost of lower efficiency and larger overall diameter of the antenna. The former mainly stems from electromagnetic (EM) dissipation in the water and the latter is a result of the relatively large diameter of the external tube used to accommodate the water flow mechanism. Other studies have investigated controlling the shape of the ablation zones by simultaneously using multiple applicators [15] - [17] . This, however, increases the invasiveness of the process as multiple antennas need to be percutaneously inserted in the target region.
In this paper, we present a coax-fed MWA antenna capable of producing asymmetric heating patterns. In our proposed design, a reflector is made by extending a portion of the outer conductor of the coaxial cable. The presence of the reflector decreases the radiation of the monopole behind the reflector, creating an asymmetric SAR pattern. To further reduce the radiation behind the reflector, a semicylindrical slot is etched in the outer conductor of the feeding coaxial cable away from the base of the monopole. The electric field generated by this slot constructively interferes with that generated by the monopole in the region facing the slot opening and the monopole. However, behind the reflector, the fields of the slot and monopole combine destructively. This creates a directional SAR pattern resulting in a directional ablation zone. The presence of the reflector, however, reduces the impedance seen at the feed point of the monopole creating a significant mismatch between the antenna and its feeding transmission line. To address this issue, an internal impedance matching network is used. Finally, using the reflector behind the monopole results in creation of a localized SAR pattern. This eliminates the need for using a balun and reduces the overall diameter (and hence, the invasiveness) of the antenna. A 7.0-GHz prototype of the antenna was fabricated and used to perform ablation experiment for 5 min at a power level of 20 W in egg white. Experimental results show good agreement with the simulations and confirm the capability of our proposed antenna in generating directional ablation zones. Fig. 1(a)-(c) shows the different stages of development of the proposed directional MWA antenna. Each antenna is fed with a semirigid coaxial cable (UT-085C) and is designed to operate at 7.0 GHz. One advantage of this frequency over lower frequencies (e.g., 2.45 GHz) is that the radiating part of the antenna can be made shorter, facilitating the antenna's capability to produce localized SAR patterns [18] . Moreover, when compared with higher frequencies (e.g., 18.0 GHz), 7.0 GHz has smaller ohmic losses [18] . Therefore, 7.0 GHz can offer a good compromise between a more localized SAR pattern and smaller ohmic losses. We have previously demonstrated that operation at higher microwave frequencies does not prevent the antenna from producing large ablation zones [2] .
II. ANTENNA DESIGN AND SIMULATION
A. Antenna Design
The antennas were designed to operate in egg white. Egg white was chosen in these experiments because of its transparency, which allows for monitoring the formation of the ablation zone in real time during the ablation process. Frequency-dependent dielectric properties of egg white were measured, using Agilent vector network analyzer (E8364A) and Agilent dielectric probe kit (85070E), and imported into CST Studio to perform full-wave EM simulations. Fig. 2 shows the measured relative permittivity and effective conductivity of the egg white over the 0.5-15-GHz range. Fig. 1 (a) shows the topology of an axisymmetric monopole antenna. The length of the monopole, l m , is determined by the frequency of operation and the dielectric properties of the surrounding environment. This length is chosen to be λ eff /4 = 9 mm, where λ eff is the effective wavelength of the EM wave in the surrounding environment [19] . Fig. 3(a) shows the SAR pattern of this antenna. As can be observed, the SAR pattern takes an oblong form due to the shaft currents traveling on the outer surface of the outer conductor of the coaxial cable. This is due to the fact that the monopole antenna does not have a balun to suppress these currents. Observe that because of the axisymmetric nature of this antenna, the SAR pattern of the antenna is rotationally symmetric.
To reduce the symmetry of the antenna's SAR pattern, we extend half of the outer conductor of the feeding coaxial cable beyond the feed point of the monopole as shown in Fig. 1(b) . This semicylindrical conductor acts as a reflector placed behind the monopole antenna and helps reduce the strength of the radiated fields of the monopole in the region behind the reflector (y < −r c ). Fig. 1(b) shows the configuration of this reflector-backed monopole antenna. The length of the monopole, l m , and that of the reflector, l r , were optimized to ensure that the antenna works at 7.0 GHz and that the power dissipation behind the reflector is minimized. The CST-optimized values for l m and l r are given in the caption of Fig. 1 . Fig. 3(b) shows the SAR pattern of this reflectorbacked monopole antenna. Observe that placing the reflector underneath the monopole results in reduction of the SAR values behind the reflector (y < −r c ) by about 10 dB compared with the direction above the reflector (y > r c ). In addition, comparison of the results presented in Fig. 3 (a) and (b) shows that the SAR pattern of the reflector-backed monopole antenna is more compact compared with that of its regular monopole counterpart. This is due to the presence of the semicylindrical reflector behind the main monopole arm. The electric return currents flowing on the reflector tend to balance the currents flowing on the main arm of the monopole. This reduces the current flow on the outer surface of the outer conductor of the main feeding line resulting in a more compact SAR pattern than the regular monopole antenna. The compact SAR pattern produced by this antenna also eliminates the need for using a coaxial balun, used in conventional coax-fed MWA antennas to achieve compact SAR pattern and heating zones. This reduces the overall diameter and, hence, the invasiveness of the antenna. While the SAR pattern produced by the reflector-backed monopole antenna is asymmetric, it is still desirable to further reduce the SAR value behind the reflector (y < −r c ). To accomplish this, a semicylindrical slot is created in the outer conductor of the feeding coaxial cable of the reflector-backed monopole antenna, as shown in Fig. 1(c) . The slot length is l s and it is positioned at a distance of l g away from the feed point of the monopole. The slot is a half-annular slot and exists only in the y > 0 region. The role of this slot in further reduction of the SAR values behind the reflector (y < −r c ) can be intuitively understood by examining the individual constituting components of the antenna. Fig. 4 (a) shows the electric field distribution in the near-field region of the reflector-backed monopole antenna shown in Fig. 1(b) . Observe that behind the reflector (y < −r c ), the electric field is directed toward the −ŷ direction. Fig. 4(b) shows the electric field distribution in the near-field region of the antenna shown in Fig. 1(c) when the monopole length is reduced to zero (i.e., l m = 0). In this case, the main radiation from the antenna comes from the semicylindrical slot etched in the outer conductor of the feeding coaxial cable. As can be seen, the direction of the electric field below the reflector in this arrangement is opposite to that of Fig. 4(a) in the region in the vicinity of the tip of the reflector. Since the fields produced by the slot tend to be oppositely directed to those produced by the monopole behind the reflector, combination of the semicylindrical slot and the monopole antenna is expected to further reduce the SAR values behind the reflector. The electric field distribution in the near field region of the proposed antenna is shown in Fig. 4(c) , where it can be observed that the field intensity below the main reflector is reduced significantly.
The dimensions of the slot, its relative position with respect to the feed point of the monopole, and other antenna dimensions shown in Fig. 1(c) were optimized in CST Studio to minimize the SAR values behind the reflector. These optimized values are provided in the caption of Fig. 1 . The SAR pattern of the reflector-backed slot/monopole design is shown in Fig. 3(c) . Observe the absence of −15 dB SAR contour in this design compared to the SAR contours of the reflectorbacked monopole antenna shown in Fig. 3(b) . Specifically, in the reflector-backed slot/monopole design, the maximum normalized SAR value behind the reflector (y < −r c ) is reduced by 5 dB compared with that of the reflector-backed monopole. This shows the efficacy of using the semicylindrical slot in enhancing the directionality of the antenna. Moreover, comparing the SAR pattern of the axisymmetric monopole antenna shown in Fig. 3(a) with that of the reflector-backed slot/monopole design in Fig. 3(c) reveals two important differences. First, the antenna shown in Fig. 3(c) is capable of producing highly directional SAR patterns. Second, similar to the case of the reflector-backed monopole, this antenna can suppress the unwanted currents flowing on the outer surface of the outer conductor of the feeding coaxial cable. This eliminates the need for using a balun and thus, allows for reducing the overall diameter and invasiveness of the proposed directional MWA antenna.
B. Matching Network Implementation
The presence of the reflector behind the monopole antenna and in its close proximity reduces the feed point impedance of the antenna degrading the impedance matching of the structure. Fig. 5(a) presents the input reflection coefficient (|S 11 |) of the antenna shown in Fig. 1(c) . The antenna is highly mismatched at 7.0 GHz with an input impedance of 3.62 − j 15.41 , which corresponds to a |S 11 | value of ∼−1.17 dB. To solve this problem, we employ an internal matching network using the π-matching structure shown in Fig. 5(b) . This network consists of a high-impedance section of a coaxial cable with a length of l 2 , placed between two lowimpedance layers with lengths l 1 and l 3 , respectively. The high-impedance section of the line is implemented by removing the dielectric spacer between the two conductors of the coaxial cable. This reduces the capacitance per unit length of the line and increases its characteristic impedance. A short transmission line with a high impedance can be modeled as a series inductor [10] . On the other hand, the lowimpedance sections of the line are implemented by decreasing the inner diameter of the outer conductor of the coaxial cable. This increases the capacitance per unit length of the line and decreases its characteristic impedance. A short section of a transmission line with a low-characteristic impedance is equivalent to a parallel capacitor [10] . Therefore, the π network used for impedance matching is equivalent to a series inductor sandwiched by two parallel capacitors. Such a network can match complex impedances to 50 . In the proposed design, the dimensions of the matching network were optimized using full-wave EM simulations in CST Studio and their values are given in the caption of Fig. 5. Fig. 6 shows the simulated |S 11 | of the antenna along with its internal matching network. Observe that the antenna is well matched at 7.0 GHz by implementation of the proposed π-matching network and a low |S 11 | of ∼−20 dB is obtained. In addition, the antenna has a relatively narrow bandwidth of 1.8%. This fairly narrow bandwidth is due to the large impedance mismatch between the feeding line and the antenna [10] . This, however, does not pose a practical limitation for using the antenna in MWA applications since MWA is performed at a single frequency. In addition, the response of the antenna is not very sensitive to the changes of the dielectric properties of the surrounding medium. This is primarily due to the fact that the feed point impedance of the antenna is predominantly impacted by the presence of the semicylindrical reflector in close proximity to the main monopole. As a result, the proposed antenna is expected to perform well in a typical MWA application.
C. Thermal Results
The generated SAR pattern of the antenna at 7.0 GHz was imported into CST Multiphysics Suite to act as a thermal source, with a scaled power of 20 W, for transient thermal simulations. The temperature of the egg white was set to the ambient temperature of 25°C. The thermal properties of the egg white were set based on the values given in [20] (thermal conductivity 0.55 W/K/m, heat capacity 3.8 kJ/K/kg, and density 1041 kg/m 3 ). Fig. 7 shows the simulated ablation zones of the antenna in egg white at two different cutting planes after 5 min of ablation. Specifically, the 60°C temperature contour-the median temperature of congestion zone [21] -was chosen to define the boundaries of the ablation zones. Observe that the ablation zone of the antenna is highly directional in the x − y plane (the plane of asymmetry), while it is symmetric in the x − z plane. To quantify the degree of directionality of the ablation zone, we define a directionality ratio (DR) as 100
), where, d 1 and d 2 are the distances between the edges of the ablation zone and the center of the antenna on each side of the feed line, as shown in Fig. 7(a) . A DR of 100% means a completely directional heating pattern, while a value of 0% indicates a completely symmetric pattern. For the ablation zones depicted in Fig. 7 , the DR values are 41% and 0% in the x − y plane and x − z plane, respectively.
D. Antenna Efficiency
We define the ablation efficiency of the antenna as the ratio between the power deposited in the tissue and the power delivered to the antenna. Given this metric, the simulated ablation efficiency of our proposed design is calculated to be 84%. Out of the total antenna input power, 14% is dissipated in the lossy copper, 2% is lost due to the dielectric losses of the Teflon, and the rest of the power is delivered to the tissue.
III. MWA EXPERIMENTS
We fabricated a prototype of the proposed reflector-backed slot/monopole antenna, as shown in Fig. 5(b) , for operation at 7.0 GHz in egg white. Laser fabrication technology was used to precisely fabricate the slot and reflector (Laserage, Waukegan, IL, USA). Detailed dimensions of this part and a photograph of the fabricated prototype are shown in Fig. 8 . The part shown in Fig. 8 was fabricated out of C122 seamless round copper tube (K&S Metals, IL, USA) with inner and outer diameters of 1.67 mm and 2.38 mm, respectively. We also implemented the capacitive section of the matching network [denoted as l 3 in Fig. 5(b) ] using a copper tube with inner and outer diameters of 0.78 mm and 1.6 mm, respectively. Then, we placed the fabricated antenna in a Teflon catheter and sealed the far end of it using epoxy. The whole structure was left in air for 48 h to let the epoxy cure. The antenna was then put inside Teflon heat shrink and a heat gun was used to shrink the diameter of the heat shrink to 2.9 mm.
Prior to beginning the ablation experiments, we inserted the antenna into egg white and measured its |S 11 |. Fig. 6 shows the measured |S 11 | along with the simulated data. Observe that the measurement and simulation data agree reasonably well and the fabricated antenna has a |S 11 | value of approximately −20 dB at 7.05 GHz. The small differences between the measured and simulated curves can be attributed to the errors that mostly arise in the fabrication of the matching network, as well as the uncertainties in the precise value of the dielectric constant of the egg white (5-10% based on the accuracy of the Agilent dielectric probe kit 85070E).
The fabricated antenna was then used to perform ablation experiments in egg white. We used a signal generator (HP 8350B sweep oscillator) to produce a 7.05-GHz continuous-wave signal. The generated signal was then fed to a power amplifier (IFI T186-50 TWT amplifier), the output of which was fed to the input port of the antenna using a 40-cm long coaxial cable. Ablation experiments were conducted at a power level of 20 W for 5 min. During the experiments, the reflected power back toward the power amplifier was monitored. The maximum reflected power during the entire ablation procedure was observed to be less than 1 W. This indicates that the antenna maintained its good impedance matching throughout the entire ablation process as the dielectric constant of the medium changes. The input reflection coefficient of the antenna after completion of the ablation Fig. 9 . Snapshots of the experimental ablation zone of the antenna in egg white.
process was also measured and the results are presented in Fig. 6 . Observe that the changes in the |S 11 | of the antenna after doing the ablation experiment are very small. Specifically, at 7.05 GHz (the frequency of operation), the measured |S 11 | changes from a preablation value of −23 dB to a postablation value of −17 dB. This observation is also in agreement with the low-reflected power during the ablation experiment (less than 1 W). Fig. 9 shows photographs of the ablation zone at different snapshots. The formation of the ablation zone and the directional nature of it can be clearly seen. Moreover, the ablation zone is observed to be compact as expected and no ablation is observed along the shaft of the antenna. We visually examined the size of the ablation zone obtained in experiment and found that it was 20 mm × 20 mm in the x − y plane and 20 mm × 20 mm in the x −z plane. These experimental results are in good agreement with the simulation results discussed in the previous section and both predict a small ablation zone in the region behind the reflector. This small ablated region can be primarily attributed to the heat diffusion. Specifically, the temperature in the region close to the monopole and slot is higher than the region behind the reflector. This temperature gradient causes heat diffusion from these regions to regions with lower temperature values. This diffusion process toward behind the reflector is also aided by the presence of the reflector itself, which is a good thermal conductor. Because of the very small SAR values behind the reflector, direct EM heating of this region is not believed to be a major contributor to the formation of the small ablation zone. The fact that this region formed at later stages of the ablation (as evident from Fig. 9 ) supports this hypothesis as well. Nevertheless, the measurement results clearly demonstrate the formation of a highly directional ablation zone. This is also evident from the measured DR of 36%, which is in good agreement with the simulated value of 41% (see Fig. 7 ).
IV. DISCUSSION
We presented a reflector-backed slot/monopole antenna for generation of directional heating patterns in MWA. This design exploits a reflector-backed monopole in conjunction with a semiannular slot etched in the outer conductor of the feeding coaxial cable to obtain highly directional SAR and heating patterns in which the SAR values behind the reflector are 15 dB below the values in the region facing the slot opening and monopole. Moreover, the lateral expansion of the heating zone behind the reflector is approximately 0.4 times that of the region facing the slot opening and monopole.
The proposed antenna is also capable of producing compact SAR patterns and localized ablation zones without using a coaxial balun. The use of a reflector in close proximity of the radiating monopole was found to deteriorate the impedance matching of the antenna. This was resolved by using an internal π impedance matching network, which was used to obtain an excellent impedance match at 7.0 GHz. A prototype of this antenna was fabricated and used to perform MWA experiments in egg white at a power level of 20 W for 5 min. Measurement results demonstrate a good impedance match with a |S 11 | level of −20 dB. Ablation experiment results confirm the capability of this antenna in providing a highly directional ablation zone with a DR of 36%, which is in good agreement with the results predicted from combined EM and thermal simulations in CST Studio. The antenna maintained its excellent impedance matching during the ablation as evidenced by the small measured reflection power during the ablation process as well as the postablation measured |S 11 | values.
Comparing this antenna with another coax-fed directional MWA antenna reported in [13] reveals a number of benefits of the proposed design. First, the proposed antenna has a higher overall ablation efficiency. Specifically, the design reported in [13] uses water in the proximity of the radiating tip of the antenna to better match the antenna to feeding coaxial cable. We simulated the design in [13] using CST Studio and given the metric in Section II-D, we calculated the ablation efficiency of the antenna to be ∼20%. This lower ablation efficiency suggests that the radiated energy of the antenna is absorbed mostly by the water rather than the tissue. In our proposed design, however, simulation results show that approximately 84% of the power input to the coaxial cable is delivered to the tissue. This ablation efficiency value is four times that of the design reported in [13] . The other advantage of our design is its relatively smaller form factor compared with the design reported in [13] . Specifically, in [13] the overall diameter of the structure is 3.5 mm, whereas in our proposed design the diameter is 2.9 mm. This smaller overall diameter along with the ability to produce directional and localized ablation zones without using a coaxial balun and with a relatively high ablation efficiency are among the attractive features of the proposed design.
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